The skeletal remains of a diminutive small-brained hominin found in Late Pleistocene cave deposits on the island of Flores, Indonesia were assigned to a new species, Homo floresiensis [Brown P, et al. A dramatically different interpretation is that this material belongs not to a novel hominin taxon but to a population of small-bodied modern humans affected, or unaffected, by microcephaly. The debate has primarily focused on the size and shape of the endocranial cavity of the type specimen, LB1, with less attention being paid to the morphological evidence provided by the rest of the LB1 cranium and postcranium, and no study thus far has addressed the problem of how scaling would affect shape comparisons between a diminutive cranium like LB1 and the much larger crania of modern humans. We show that whether or not the effects of its small cranial size are accounted for, the external cranial morphology of the LB1 cranium cannot be accommodated within a large global sample of normal modern human crania. Instead, the shape of LB1, which is shown by multivariate analysis to differ significantly from that of modern humans, is similar to that of Homo erectus sensu lato, and, to a lesser extent, Homo habilis. Our results are consistent with hypotheses that suggest the Liang Bua specimens represent a diminutive population closely related to either early H. erectus s. l. from East Africa and/or Dmanisi or to H. habilis.
M
ost studies that have addressed the taxonomic affinities of the Liang Bua hominin material have focused on the size and morphology of the endocranial cavity of LB1 (1) (2) (3) (4) (5) (6) (7) (8) and on the postcranium, particularly the forelimb (9, 10) . Relatively little analysis has addressed the external morphology of the skull and dentition. On the basis of univariate assessments of categorical and metric variables, the describers of the Ling Bua specimens showed that there was a dissimilarity between LB1 and modern humans and a general similarity between LB1 and H. erectus sensu lato (11) (hereafter referred to as H. erectus). In contrast, others reported that 94 descriptive features of the cranium of LB1 all fell within the range for normal, nonpathological modern humans (12) . The original report included a multivariate principal components analysis (PCA) of five cranial vault measurements taken on LB1, one modern human and several fossil hominins (11) . In that analysis, LB1 shape was found to be most similar to H. erectus as represented by KNM-ER 3883, KNM-ER 3733, and Sangiran 2. However, in a subsequent multivariate canonical variates analysis (CVA) of several cranial measurements for LB1, normal modern humans, two microcephalic modern humans, chimpanzees, and fossil hominins, other researchers (13) concluded that LB1 is distinct from all hominins, including H. erectus. Thus, no consensus has emerged about what the external cranial morphology can tell us about the affinities of the LB1 cranium.
It is recognized by researchers on all sides of the debate that LB1 has an extremely small endocranial volume (and thus presumably had a small brain) relative to its body size (1, 3-7, 11, 12, 14) . Scaling relationships have been considered with regard to endocranial size (as it scales with body size) (3, 5, 6, 11 ) and brain component size (as they scale with endocranial size) (14) , but, to date, no study has considered the scaling of cranial vault shape and cranial size when assessing morphological similarity between LB1, modern humans, and fossil hominins. Because the LB1 cranium is so small relative to modern humans and most fossil Homo, morphological analyses must take into account how cranial shape scales with cranial size because this relationship may not be isometric. However, care must be taken when doing this, because LB1 falls well outside the size range used to generate regression slopes.
Here, we address two specific questions regarding the external shape of the LB1 cranium: (i) Can LB1 cranial shape be accommodated within the range of cranial shape of a worldwide sample of normal, nonpathological, modern humans? (ii) If not, then which hominin taxon or subset of hominin crania does LB1 most resemble? In investigating both of these questions, we use two approaches, one of which assumes that cranial shape is unaffected by overall cranial size (isometry), and the other of which uses the comparative sample(s) (extant and fossil) to identify empirical scaling relationships. It has been suggested that the microcephalic crania included in previous cranial shape analyses are inappropriate as comparators for LB1 because they are either not fully adult or because they have relatively high cranial capacities (5, 6) . In any event, microcephaly can result from a variety of syndromes (15) resulting in a range of phenotypes (7, 16) . This makes it unlikely that any small comparative sample will adequately represent the possible range of morphologic variation present in microcephalic crania. Consequently, we limit our analyses to nonpathological specimens, but, when we discuss the results of our comparisons with fossil hominins, we address the likelihood of the hypothesis that the LB1 cranium is an example of a microcephalic modern human.
Results and Discussion
Data for six cranial vault variables were collected from the literature for LB1 (11), a worldwide sample of 2,524 adult recent modern humans (17) , and for 30 fossil hominin crania (11, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) ) (see Materials and Methods and supporting information (SI) Table S1 ). Univariate comparisons of size-adjusted shape variables between LB1 and the modern human sample yield mixed results: LB1 does not differ significantly from the modern comparative sample in size-adjusted cranial length (GOLЈ), maximum cranial breadth (XCBЈ), or cranial base length (BNLЈ) (see Materials and Methods), whereas it does differ significantly in size-adjusted cranial height (BBHЈ), maxillary prognathism (BPLЈ), and biasterionic breadth (ASBЈ) (t tests, ␣ ϭ 0.05). Values are within the modern human range for all shape variables except relative cranial height, for which LB1 has a value lower than that of all 2,524 crania in our modern human sample. However, multivariate consideration of these variables demonstrates that the combination of values present in LB1 is distinct from all modern humans.
Plots of the first three principal components in an analysis of logged shape variables show a tight cluster for the modern human crania that excludes LB1 (Fig. 1) . In contrast to the placement of LB1 outside the modern human cluster, the two modern human populations with the smallest crania (Andaman Islanders and San) cluster in the middle of the range of principal component (PC) 1 and span most of the ranges of PCs 2 and 3 ( Fig. 1) . The placement of these two populations shows that size plays a negligible role in the morphological separation of crania in this analysis. When considering all six principal components, Fig. 1 . Box-and-whisker plots and 3D plot of the first three principal components for a PCA of six shape variables for the recent modern human comparative sample and LB1. Boxes indicate first and third quartiles, whiskers extend to the most extreme data point that is no more than a single interquartile range from the box, and more extreme values are shown as individual data points. Cranial shape in LB1 differs from the PCA centroid for modern humans by Ͼ4.5 standard deviations regardless of whether allometric scaling relationships within modern humans are either ignored (shown here) or taken into account (see Results and Discussion). using Euclidean distance, LB1 is the most distant specimen from the modern human centroid. A randomized t test of Euclidean distance from the modern human centroid shows a highly significant difference between LB1 and the comparative sample, with LB1 cranial shape differing from the modern human centroid by 4.52 standard deviations (P Ͻ 0.001).
When fossil crania are included in the PCA, fossil H. sapiens and Neanderthals plot within or on the periphery of the modern human cluster and the remaining fossil hominin crania are shifted away from the modern human cluster in shape space in the same general direction as each other; i.e., morphologies that distinguish each fossil from modern humans may differ among the fossils in degree but not overall morphological trajectory (e.g., to a greater or lesser degree the fossil crania tend to have relatively shorter cranial vaults and greater maxillary prognathism than the modern humans) (Fig.  2) . LB1 is morphologically similar to the H. erectus specimens, particularly KNM-ER 3733 and D2700. This relationship is supported by a weighted pair-group method of arithmetic means (WPGMA) cluster analysis (28) based on the squared Euclidean distances between specimens for the six principal components (Fig.  3) . Three major clusters emerge: all of Homo groups to the exclusion of the australopiths, and later Homo (H. sapiens, Neanderthals) groups to the exclusion of earlier Homo (H. erectus, H. habilis). LB1 is nested within the earlier Homo cluster. Fossil H. sapiens and Neanderthals are spread throughout the later Homo cluster and do not form a discrete, exclusive group.
This clustering pattern demonstrates that (i) although the six variables selected for this study do not sort hominin crania into species, crania are sorted in a manner that corresponds to conventional taxonomic interpretations; (ii) major morphological differences distinguish clusters; and (iii) when shape is considered in the absence of scaling patterns, LB1 appears most similar to the non-Asian H. erectus specimens D2700 (from Dmanisi, Georgia) and KNM-ER 3733 (from Koobi Fora, Kenya) and is distinct from later Homo. Furthermore, comparison of principal component Euclidean distances of LB1 from species/fossil group centroids shows that LB1 is closest to the centroid of non-Asian H. erectus, followed by the centroid of all H. erectus (including Sangiran 17) (Table 1) . Likewise, when the mean distance of specimens from the group centroid is considered for each taxon or group of fossils, adding LB1 to a group decreases the mean distance only for H. erectus and non-Asian H. erectus. This indicates that the inclusion of LB1 in either of these groups reduces the overall morphological variance for the group as a whole, whereas it increases morphological variance if it is added to any other group (Table 1) .
To assess the effects of scaling relationships on expected shape for crania as small as LB1, bivariate empirical scaling relationships Distances were standardized such that a distance of 1 is equal to the mean distance of a recent modern human from the centroid of that group. LB1 residuals were standardized by the standard deviation of recent modern human residuals for each bivariate regression. Groups are sorted by the sum of squared residuals. Bold-faced type indicates that mean distance from each specimen to the group centroid decreases when LB1 is included in that group. H. s., Homo sapiens.
between the log of each of the six linear measurements and logged overall cranial size (measured as the geometric mean of all six measurements) were estimated by fitting major axis lines for the modern human sample and for each of the fossil taxa (Fig. 4) . Although sample sizes for the fossil groups were generally too small to generate meaningful statistical comparisons with isometric scaling relationships, scaling relationships could be determined for the modern human sample. Using major axis regression, all six modern human slopes were found to be significantly positively allometric (Table S2) . When the modern human crania were scaled to the size of the LB1 cranium, randomized t tests for a PCA of size-adjusted shape variables for LB1 and scaled variables for modern humans show that LB1 cranial shape is even more distinct from modern human cranial shape when scaling is taken into account, with LB1 differing from the centroid of scaled human shape by 4.82 standard deviations (P Ͻ 0.001). Clearly the cranial shape of LB1 cannot be accommodated within the range of shape present in nonpathological modern humans, regardless of whether scaling is taken into account.
Leaving aside for the moment the issue of pathology, the question remains that if LB1 does not resemble modern H. sapiens, does it resemble any other hominin taxon? As shown above, when scaling is not taken into account, LB1 external cranial shape closely resembles that of H. erectus, particularly non-Asian H. erectus. Similarly, a preliminary geometric morphometric analysis found that the neurocranium of LB1 is most similar to that of H. erectus (29) . To identify the best fit between LB1 and scaled cranial shape in various fossil hominin groups, minor axis residuals of LB1 from estimated scaling relationships for each group were used to calculate sums of squared residuals for all six cranial variables. Sum of squared residuals are minimized by using H. erectus and H. habilis scaling patterns (based on both standardized and unstandardized residuals; see Materials and Methods), with the lowest overall sum of squared residuals found when Sangiran 17 is removed from H. Table 1 and Materials and Methods). Regression slopes and confidence limits are provided in Table S2 .
erectus and scaling relationships are based solely on KNM-ER 3733 and D2700 (Fig. 4 and Table 1 ). This result indicates that LB1 cranial shape is not particularly similar to the more derived cranial shape of Asian H. erectus, but rather it shares similarities with the less derived cranial morphologies of H. habilis and H. erectus from East Africa and Dmanisi. Likewise, the mandibles of LB1 and LB6/1 are reported to be morphologically more similar to nonAsian H. erectus mandibles than to those of H. erectus from Java and China (30) .
With regard to microcephaly, it should be noted that in the shape analysis performed here, LB1 cranial shape is shown to differ significantly from the modern human comparative sample (and from fossil H. sapiens and Neanderthals) and to be very close in morphological space to non-Asian H. erectus specimens (D2700 and KNM-ER 3733) and H. habilis specimens (KNM-ER 1813 and OH 24). LB1 and the non-Asian H. erectus specimens are much closer than the average pairwise distance between modern human crania, and standardized residuals of LB1 from the estimated non-Asian H. erectus and H. habilis scaling relationships average 1.38 and 1.21 standard deviations away from expected shape, respectively (as opposed to Ͼ3 standard deviations from expected shape for modern humans), well within the range of population-level variation (Table 1) . Thus, if microcephaly is responsible for the extremely small size of the LB1 cranium, of all possible ways that microcephaly could cause LB1 cranial shape to differ from that of modern humans for these six variables, it happens to differ in the same way that earlier Homo species differ from modern humans.
Assuming that LB1 is not pathological, what do the results of this study imply for the taxonomy and phylogeny of this specimen? Based on the work reported here, the original describers of this material are justified in not attributing LB1 to H. sapiens, and our results are consistent with the introduction of a new species, H. floresiensis (11) , or with the hypothesis that the Liang Bua material represents a population of diminutive, smallbrained H. erectus (S. Antón in ref. 31) .
As for phylogeny, those who support the erection of a new taxon have developed several possible scenarios, including that (i) H. floresiensis is the product of insular dwarfing of H. erectus on Flores or nearby islands (11), (ii) H. floresiensis and H. erectus shared a recent common ancestor (1, 4, 32), or (iii) H. floresiensis is descended from Australopithecus via a lineage distinct from that of H. erectus (4, 30) . Studies of the postcranial skeleton of LB1 show that the forelimb is primitive with respect to modern humans in the carpals (10) and humerus (9, 30) , and tend to support the evolution of H. floresiensis from H. erectus or an earlier taxon. Other than a partial lunate from Zhoukoudian, no carpals are known from H. erectus, but the LB1 carpals are very similar in overall morphology to those of H. habilis and Australopithecus (10) . With respect to other postcranial evidence, the low degree of humeral torsion in LB1 is similar to that seen in the Dmanisi hominins (33), KNM-WT15000 (9), and australopiths (9) .
The results of this study of external cranial morphology suggest that a close relationship between LB1 and australopiths is unlikely, but a close relationship with H. habilis cannot be ruled out. The LB1 cranium and the H. erectus specimens do not cluster to the exclusion of H. habilis, and the sum of standardized squared residuals for comparison of LB1 shape to scaled H. habilis is slightly lower than that for the comparison to scaled non-Asian H. erectus (Table 1) . Given the similarity in postcranial material between LB1 and H. habilis, it is possible that LB1 may turn out to be even more similar in overall morphology to H. habilis than to H. erectus.
The results presented here are in broad agreement with phylogenetic scenarios suggesting that H. floresiensis is the product of insular dwarfing of H. erectus on Flores or nearby islands or that H. floresiensis and H. erectus shared a recent common ancestor, possibly H. habilis. The close morphological similarity between the LB1 cranium, D2700, and KNM-ER 3733 in conjunction with the lack of close similarity between these specimens and Sangiran 17 argues for an ancestry for LB1 that does not include later Asian H. erectus.
Materials and Methods
The cranial sample includes 2,524 adult recent modern humans, LB1, and 30 fossil hominin crania; crania are assigned to groups on the basis of taxonomy and geographic location (see Table S1 ). Six external cranial variables are considered for each specimen: cranial length [glabella-opisthocranion length (GOL)], cranial height [basion-bregma height (BBH)], maximum cranial breadth [euryon-euryon breadth (XCB)], cranial base length [basion-nasion length (BNL)], maxillary prognathism [basion-prosthion length (BPL)], and biasterionic breadth [asterion-asterion breadth (ASB)]. Shape variables are calculated by dividing each measurement by the geometric mean of all six measurements for a given specimen and are denoted by the prime symbol; e.g., GOLЈ (34, 35) .
Shape Analyses. Morphological difference between specimens is calculated as the Euclidean distance, using all six principal components generated by a PCA. Euclidean distance of PCA scores is preferred over Mahalanobis distance, because, although both measure distance using orthogonal axes, Mahalanobis distance rescales all variables to have equal variance, whereas Euclidean distance retains the variance structure of the variables, which in this case (principal components) are scaled to the proportion of variance they account for in the total dataset. Using distances based on PCA scores rather than on the shape variables themselves provides a measure of shape difference defined by the shape variation between specimens (dominated by the modern human sample) as opposed absolute shape differences, although results should be similar. In all cases, distances have been scaled such that the average distance of modern humans to their centroid equals 1.00. Randomized t tests are used to identify whether the distance of LB1 from the modern human centroid significantly exceeds the distance of modern humans from their centroid. Additionally, the distance of LB1 from the centroid of each fossil group is calculated to identify degree of morphological similarity. To assess the effect of LB1 on morphological variability within a group, two sets of distances are calculated: (i) mean distance of all members of a group from their own centroid and (ii) mean distance of all members of a group plus LB1 from their combined centroid.
Scaling Analyses. To determine how LB1 cranial shape compares to that of modern humans scaled down to the size of LB1, least squares regression lines are calculated for each logged cranial variable against the logged geometric mean of all cranial variables for the modern human sample; then, residuals from all 2,524 modern human crania are translated down the regression line to the geometric mean size of LB1 to predict the six measurements for each modern human if they were scaled to the size of LB1. Although classical calibration (i.e., swapping the variables on the x and y axes) may be preferred over the inverse calibration used here when extrapolating beyond the size range of the regression sample (36), using residuals to retain the proportional difference in cranial variables from expected values when predicting scaled cranial shape is only possible using inverse calibration. To compare LB1 to scaled shape expectations more broadly for both modern and fossil crania, bivariate scaling relationships with overall cranial size were estimated by using major axis line fits for fossil and modern crania. These line fits were not used in significance tests of regression parameters as the fossil group sample sizes are generally too low for such tests (in some cases, only two specimens, with zero degrees of freedom), but rather as simple estimates for observed scaling relationships present in a sample of fossil crania. Minor axis residuals of LB1 from estimated scaling lines were squared and summed to produce a measure of morphological dissimilarity of LB1 from expected cranial shape for each group/taxon. Additionally, residuals were standardized by dividing by the standard deviation of the 2,524 residuals for the modern human regression for each of the six cranial variables (e.g., the residual of LB1 from the fitted major axis line of GOL versus cranial GM for australopiths was divided by the standard deviation of modern human residuals from the fitted major axis line of GOL versus cranial GM for modern humans). Sums of standardized residuals were calculated and means for absolute values of standardized residuals. These values were compared among groups, with the lowest values indicating greatest morphological similarity between LB1 and the expected shape for a particular group as determined by the estimated scaling patterns.
